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Abstract

Heterogeneity demonstrates that stem cells are constituted by several sub-clones in various

differentiation states. The heterogeneous state is maintained by cross-talk among sub-clones, thereby
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ensuring stem cell adaption. In this study, we investigated the roles of heterogeneity on genetic

stability. Three sub-clones (DF2, DF8 and DF18) were isolated from heterogeneous dental stem cells

(DSCs), and were proved to be chromosome instability (CIN) after long term expansion. Cell apoptosis

were not detected in sub-clones, which exhibited strong tumorigenesis tendency, coupled with weak

expression of p53 and aberrant ultra-structure. However, three sub-clones did not overexpress tumor

related markers or induce tumorigenesis in vivo. The mixed-culture study suggested that

three-clone-mixed culturing cells (DF1) presented apparent decrease in the ratioof aneuploidy. The

screening experiment further proved that three sub-clones functioned separately in this modification

procedure but only mixed culturing all three sub-clones, simulated heterogeneous microenvironment,

could achieve complete modification. Additionally, osteogenesis capability of three sub-clones was

partially influenced by CIN while DSCs still'kept stronger osteogenesis than sub-clones. These results

suggested aberrant sub-clones isolated from heterogeneous DSCs were not tumorigenesis and could

modify CIN by cross-talk among themselves, iindicating that the heterogeneity played a key role in

maintaining genetic stability and differentiation capability in dental stem cells.
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Introduction
Heterogeneity is the distinct functional and epigenetic states in differentiation.” > With most stem cells
being heterogeneous, ** it might have evolved as a mechanism that enables stem cells to respond to
differentiation-inducing signals while retaining their self-renewal potential.® So heterogeneity could be
regarded as the basis for the homeostasis of stem cell niche, just as the role stem cells play in
maintaining tissue homeostasis.®” The stem cell niche would be broken when sub-cloneswere
separated from heterogeneous cells, thus activating sub-clones from a quiescent state. Homeostasis of
stem cell niche is essential for keeping cells away from tumor formation. ® Tumor stem cells and stem
cells shared many features® and tumor growth could be caused by transformation of stem cells.'® Stable
genome and controllable biological behavior distinguish stem cells from tumor stem cells.
In cell-based therapy, freeze-thaw cycle or long term expansion of seeding cells may cause unbalanced
microenvironment resulting in cell apoptosis, loss of differentiation potential, chromosome instability
or even tumor formation.** Chromosomal aneuploidies are widely recognized as genetic disorders in
humans that often lead to spontaneous abortion.*? After massive amplification, CIN or aneuploidy may
occur in cell lines isolated from embryonic stem cells (ESCs) or mesenchymal stem cells (MSCs),****
which often indicate the tendency of tumor transition.”>*” However, in order to maintain the true
properties of stem cells and avoid adverse effects post-transplantation, the preservation of normal
chromosomes is necessary.*® Qualified seeding cells should meet at least two requirements: (i) the
occurrence of a normal genetic karyotype and (ii) the maintenance of chromosomal integrity during
long term-culturing and after cryopreservation procedures.™

Previous studies showed sub-clones can be isolated from heterogeneous MSCs and were still

pluripotent although with variable differential potentials in vitro.”*? Both heterogeneous MSCs and
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most of its sub-clones were found to be promising seeding cells for cell-based therapy. The efficiency
and prognosis after in vivo transplantation of heterogeneous stem cells cannot be guaranteed due to the

unstable cell population, % %*

although the cell collection was convenient and the regenerated tissue
was various.”® 2>2% However, controversy still exists on whether the heterogeneous stem cells or one of
their sub-clones should be chosen for future clinical applications, because it is still unclear whether
they meet above requirements.

DSCs are heterogeneous MSCs.?® #2¢ Dental Follicle Stem Cells (DFSCs) were also proved to
retain embryonic characteristics.*' Heterogeneous DSCs have been utilized in regenerative
therapies,® ** however whether they are safe for clinical application is also unclear. In this study, three
sub-clones isolated from heterogeneous DFSCs were CIN, but not tumorigenesis. Tumor suppressors,
such as p53, p21 or E2F1, were the main force to-maintain genetic stability and keep cells stable under
pressure. In tumor cells, p53 often mutant or partially lost function. However, stem cells could tolerate
the loss of p53 by up-regulating p21 and E2F1 when p53 was inhibited.>* * This study showed that
unusual MAD1 and MAD2 expression caused CIN***® and p21 and E2F1 might keep sub-clones away
from tumor formation under p53 loss condition. Moreover, aneuploidy ratio of DF1 which was
constituted by three sub-clones was obviously decreased but two-clones-mixed culturing cells were not.
In-mixing culture cells, expression of MAD1 and MAD?2 were also restored. Taking together, our
results suggested that heterogeneity played a positive role on maintaining genetic stability of stem cells
and further kept them away from transformation. Furthermore, we also found sub-clones lost parts of
differentiation capability. Finally, heterogeneous DFSCs were proved to be better seeding cell for

cell-based therapy compared with its sub-clones.

Results
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Three sub-clones, named DF2, DF8 and DF18 respectively, were isolated from heterogeneous

DFSCs. The shapes of them were polygon, spindle and satellite, respectively, while the shapes of

DFSCs were varied consisting of all the three types (Fig. 1B). Proliferation capability of three

sub-clones was significantly different. To be specific, DF18 showed the highest proliferation activity

while DF2 stayed at a relatively quiescent level on the contrary; DF8 and DFSCs showed similar

proliferation level (Fig. 2A). Additionally, all three sub-clones showed low apoptosis ratio:(Fig. 2B).

However, DNA contents analysis (Fig. 2C) showed aneuploidy was observed inthree sub-clones. The

aneuploidy ratios in DF2, DF8 and DF18 were 33.46%, 53.60% and 13.28% respectively.

Then karyotype analysis was performed to observe the state of.a single cell. The chromosome

number of DF2, DF8 and DF18 was disorder and even structural aberration was observed in DF8 (Fig.

2D). But specific chromosomes lost or gained cannot be identified because of the random alteration of

chromosome number.

To evaluate the status of sub-clones, ultra-structures of DFSCs and three sub-clones were observed

by Transmission Electron Microscope (TEM) (Fig. 2E). The electronic dense granule which was the

specific marker for DFSCs was observed in all sub-clones and DFSCs. The nucleus of DFSCs, DF8

and DF18 were light-colored euchromatin which indicated cells were at an early stage of development.

Nucleus heteromorphy, high nuclear slurry ratios and rough endoplasmic reticulum (RER) expansion,

which always occurred in tumor cells, were also observed in three sub-clones. DF18 contained rich cell

organelles, especially abundant in secondary lysosomes, which indicated that the cells were undergoing

active metabolism.

To further verify whether transformation of three sub-clones occurred, expression of the key tumor

suppressor p53 and two oncogenes K-ras and Tert were detected. If aneuploidy occurred, p53 would
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induce aberrant cells apoptosis. However, the expression of p53 was inhibited in three sub-clones in

this study (Fig. 2F) and related apoptosis gene: puma was not up-regulated compared with DFSCs (Fig.

2G). At the meantime, K-ras and Tert did not overexpress either in three sub-clones compared with

DFSCs (Fig. 2H).

Three sub-clones did not overexpress oncogenes, however it was still unknown whether sub-clones

with CIN could transform into tumor cells in the far more complicated in vivo environment. After 4

weeks of transplantation, xenograft tumor formation was found in positive group; but not in.sub-clone

groups and single-matrigel group (Fig. 3B). HE staining showed the xenograft tumor formed in

subcutaneous tissue in the positive group and even invaded the muscle layer (Fig. 3C). On the contrary,

in sub-clone groups, the subcutaneous layer was asmnormal as the negative group and there was no

xenograft neoplasm formation (Fig. 3C). Immunofluorescence labeling illustrated the tumor in positive

group derived from the transplanted tumor cells (Fig. 3D). Interestingly, DF2 was observed scattering

in muscular layer however DF8 and DF18 cannot be traced in the subcutaneous tissue (Fig. 4D).To

sum up, the three sub-clones were proved not tumorigenic.

Since sub-clones with CIN showed no tumorigenicity, the causes of CIN were deserved exploring.

Protein expression of E2F1 and p21 were selectively evaluated, trying to find out whether they

functioned in CIN (Fig. 4A). According to the Western blot results, three sub-clones all expressed p21

and E2F1. Sub-clones expressed higher p21 than DFSCs. Specifically, DF2 expressed a higher level of

p21 than DF8 and DF18. Expression of p21 were similar in DF8 and DF18. Unlike p21, DF2 expressed

the lowest level of E2F1 while DF8 and DF18 were just slightly lower than DFSCs. Protein levels of

MAD1 and MAD?2, as the key regulators of the spindle checkpoint, were detected by Western blot.

DF8 and DF18 expressed higher level of MAD1 than DFSCs; DF2 expressed lower MAD?2 than
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DFSCs (Fig. 4A). Hence, disturbing expression of MAD1 and MAD2 may be one of the reasons for

CIN in this study.

Cells were diploid in heterogeneous DFSCs, but CIN occurred when sub-clones were isolated from

DFSCs and passaged. Therefore we assumed that mixed culturing sub-clones, simulating

heterogeneous microenvironment, should help aberrant cells flee from CIN. To verify this hypothesis,

three sub-clones were mixed cultured in pairs or in triplet (DF1) for 7 days. Aneuploidy.ratio of DF1

nearly dropped to normal level, and two-mixed culturing groups also reduced slightly (Fig. 4B).

Moreover, p53 expressions in DF1, DF2+DF8 group and DF2+DF18 group recoveredas well (Fig.

4C). Interestingly, mixed culturing groups by no means showed large amount of apoptosis (Fig. 4D).

DNA contents analysis and chromosome number-count suggested DF1 was completely modified

(Fig. 4E). Puma, p53, p21 and E2F1 mRNA‘levels of DF1 at day3, 5 and 7 suggested the time line of

recovering. The mMRNA expression of apoptosis gene puma increased at day5 then fell back to normal

at day7 (Fig. 4F). Therefore DF1 did not show high apoptosis ratio at day7 (Fig. 4D). Meanwhile,

modification related gene such as p53,/p21 and E2F1 presented up-regulation over time (Fig. 4F).

According to the above results, mixed culturing aberrant sub-clones could modify their CIN. To

further explore whether the ratio of aneuploidy changing or the cross reaction among sub-clones

functioned in the modification procedure, a screening experiment was designed (Fig. 5A). The Western

blot results (Fig. 5C) demonstrated that protein expression level of p53 in DF8+DF18 group was

re-activated after addition of DF2 and the re-activated p53 can keep active even when DF2 were

screened out. Expression of p21 in DF8+DF18 group was increased after addition of DF2 while other

markers were barely changed; However after DF2 were screened out from the reconstituted DF1,

expressions of all the proteins decreased. Expressions of E2F1, MAD1, MAD2 and p21 significantly
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increased after DF8 being added into DF2+DF18 group; When DF8 were screened out from DF1, all of

the proteins except p21 decreased back to lower levels. When DF18 was added into DF2+DF8 group,

only p21 expression raised and there’s no obvious change for other markers; but p21 and MAD2

decreased slightly while MAD1 and E2F1 reduced to a relatively lower level after the screening out of

DF18. Alteration of MAD1 and MAD2 showed that cross reaction among sub-clones was the

fundamental cause of modification instead of ratio changes. Taken together, only DF1 expressed

completely normal levels of cell cycle related proteins and expression of p21 was closely related with

the existence of DF2.

To investigate the effects of CIN on the differentiation of stem:cells, the embryonic and osteogenic

characteristics of stem cells were detected using osteoblast (OB) as control group. In this study, DFSCs

and three sub-clones expressed strongly positive pluripotent markers, like CD29, CD146 and CD90

(Fig. 6A). However, only DFSCs and DF2 weakly expressed SSEA1 which was also an embryonic

marker (Fig. 6A). And only DFSCs positively expressed SOX2, OCT4 and Nanog (Fig. 6B). Three

sub-clones lost embryonic characteristics after long term culture.

All of three sub-clones expressed high level of osteogenic markers (Fig. 6D) and could be induced

mineralization (Fig. 6C), indicating that their differentiation capability did not lose. DFSCs expressed

the-highest osteogenesis related markers except for Col-I; it also expressed high levels of BSP and

osterix, which were even higher than OB. Three sub-clones had the similar level of osteogenesis

capability and also were positive for most of osteogenesis markers except for osterix which was

positively expressed in DFSCs. In summary, the osteogenesis capability was maintained in aberrant

sub-clones, though changed to some extent.
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To further evaluate specific changes of osteogenesis induced by CIN, WNT and BMP signaling
pathway related key proteins were detected (Fig. 6D). Before induction, three sub-clones expressed
similar level of B-catenin as DFSCs and OB while active-B-catenin and LEF1 expressed lower in DFS8;
and other than DF2, both DF8 and DF18 expressed similar levels of BMP signaling pathway proteins.
After induction, WNT signaling pathway proteins of DF8 significantly decreased while those of-OB
significantly increased; and all of the BMP signaling pathway proteins were up-regulated-except for
BMP2 which only highly expressed in OB. These findings implied the osteogenesis related.signaling
pathways were indeed changed by the CIN, but the changes might be compensated by the unaffected
signaling pathways.
Discussion

In this study, applicable sub-populations weretisolated from heterogeneous DFSCs in order to study

the heterogeneity of dental stem cells. Although various methods, including the surface marker

39-41 19,20, 42,43 44, 45

screening, single clone isolation and any other methods, could be adopted to isolate
different sub-populations , there wereno standard methods for isolation to be proposed. Through
clones’ isolation, single cells from heterogeneous cells were isolated, ensuring the purity of
sub-populations: The purity of sub-populations was necessary for heterogeneity analysis avoiding
cross-reaction with other populations.

After‘'volumes of amplification, three sub-clones isolated from DFSCs were found with disordered
chromosome numbers (Fig. 2D), aberrant ultrastructure (Fig. 2E) and weak expression of guard gene
p53 (Fig. 2F). High expression of MDM2 could result in the inactivity of p53 thus leading to

aneuploidy.*® *" However, MDM2 did not overexpress in the present study (Data not shown).

Numerical aneuploidy, as a symptom of the CIN, was considered to be a predominant hallmark of
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cancer, because most of the genetic heterogeneity in tumors was due to CIN.*® Moreover, p53 not only
was the tumor suppressor*® but also influenced cell cycle and prevented aneuploidy.*® Weak expression
of p53 could cause CIN of sub-clones and even transformation. However, up-regulation of p21 was
found in all sub-clones. In adult stem cells, p21 not only acted as a target gene for p53 to prevent the
activation of p53, induce apoptosis and lead to cell cycle entry symmetric self-renewing divisions but
also activated DNA repair, limiting DNA damage accumulation and self-renewal exhaustion
independently.®* > DF2 expressed the strongest p21 than other sub-clones and also exhibited the lowest
level of aneuploidy (Fig. 4A). Additionally, sub-clones expressing higher levels of p21 than DFSCs
also did not form tumor in vivo (Fig. 3). Therefore, p21 might have restricted DNA damage
accumulation of sub-clones thereby keeping aberrant sub-clones away from transformation when p53
was inhibited. Expression of E2F1, another protein functioned in DNA repair, was also detected. E2F1
turnover was the key switch that allowed.cells to be prepared for another round of re-replication.® It
not only played a direct role in DNA repair, but also regulated the expression of DNA repair genes
involved in the upstream DNA damage response.>*>" Although expression was slightly lower than
DFSCs, E2F1 still kept active in sub-clones (Fig. 4A). The gradient expression of E2F1 in different
sub-clones also.coincided with their severities of CIN/aneuploidy. To be specific, the highest ratio of
aneuploidy occurred in DF8 among three sub-clones with the highest expression level of E2F1; while
DF2 with the lowest ratio of aneuploidy expressed lowest E2F1. Thus, E2F1 might be able to assist p21
in keeping sub-clones from aneuploidy.

Mutations and/or reduced levels of mitotic checkpoint proteins can cause checkpoint malfunction
and CIN.® Thus the expression of mitotic checkpoint proteins were detected to disclose the cause of

CIN. Damage to the checkpoint, which was a partial loss or gain of checkpoint function, would result

10
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in aneuploidy during tumorigenesis; One of those types of damage was the change in levels of MAD1
and MAD2, or in the MAD1:MAD2 ratio.*® Three sub-clones expressed different MAD1: MAD2 ratio
(Fig. 4A). MAD1 were overexpressed in DF8 and DF18, while MAD2 was low-expressed in DF2.
Thus, disordered MAD1 and MAD?2 ratio might be the cause of CIN in this study.

Interestingly, CIN was modified when sub-clones were mixed culturing. In mixed culture cells, their
guard gene p53 was back to strong expression (Fig. 4C and Fig. 5C); DNA repair gene p21.and E2F1
expressions were strengthened and mitotic related genes (MAD1 and MAD2) were also restored (Fig.
4F). Stressful microenvironment may render stem cells changing their normal properties to adapt
pressure by guard gene, such as p53.* However, guard gene lost.or long-term pressure could cause
mitotic disorders, followed by CIN or aneuploidy. Additionally, p53.also played other important roles
on stem cells, beside as the guardian of the genome. p53 not only controlled the proliferation and
differentiation of stem cells but also provided an effective barrier for the generation of pluripotent stem
cell-like cells from terminally differentiated cells.® Specially, p53 activation may hinder stem cells
expansion by several emerging mechanisms including the restriction of self-renewing divisions,
inhibition of symmetric division and blocking of reprograming of somatic/progenitor cells into stem
cells.®® In the present study, sub-clones weakly expressed p53 thus resulting in symmetric division and
maintenance of strong proliferation capability. Our study suggested that the disorder was reversible.
Mixed.culturing created a similar heterogeneous microenvironment. When aberrant sub-clones were
put back to their original microenvironment, abnormity was modified. In this microenvironment, p53,
MAD1 and MAD?2 expressions were recovered and CIN was modified (Fig. 5C). Moreover, the

complete modification of DF1 demonstrated that this modification procedure relied on integrality of

11



Downloaded by [Florida International University] at 07:41 01 September 2015

original microenvironment instead of any particular clone. The more similar between the simulating
environment and original environment, the better effects of modification will be achieved.

In addition, CIN of stem cells could also influence their differentiation capability.'® However, in this
study, three sub-clones still kept part of the embryonic properties (Fig. 6A and B) and differentiation
capability although they were in a CIN state. Even DF2 remained some embryonic characteristics
which might help it survive in vivo. Osterix played an essential role in OB differentiation-and bone
formation.® Low expressions of osterix in three sub-clones (Fig. 6D) indicated they were not better
cells than DFSCs for osteogenesis differentiation. After osteogenesis induction, only' DFSCs expressed
osterix, which further proved above conclusion. WNT and BMP signaling pathway were involved in

many biological processes, ®%*

such as osteogenesis, tumor formation and so on. In this study, WNT
signaling pathway was evidently changed in‘DF8.and BMP signaling pathway were changed in DF2
(Fig. 6D). The down-regulation of B-catenin in DF8'implied the WNT signaling pathway was mainly
involved in other processes instead of asteogenesis (Fig. 6D). Moreover, our study suggested that
mutual complementation among these signaling pathways might exist to maintain osteogenesis
capability.

Both of the genetic stability and differentiation capability of stem cells were essential for cell-based
therapy. Our results have unearthed an unexpected yet crucial role of heterogeneity in maintaining
genetic stability and differentiation capability and provided some basis for choosing seeding cells for
cell-based therapy. Moreover, heterogeneity was widespread in stem cells suggesting that this might be
a general phenomenon in the development and regeneration of many tissues or organs.

Materials and Methods

The isolation procedure for single clone

12
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To isolate sub-clones from rat-DFSCs, we adopted a limited dilution protocol to isolate single cell and

amplify the clones. The 1st passage of rat-DFSCs in a logarithmic growth phase was re-suspended at a

density of 10 cells/ml in a-MEM medium with 20% FBS. Subsequently, 100ul of cell suspension was

sampled into wells of a 96-well plate. Following 24 hours of culture, the adherent cells were visualized

under a light microscope to determine if only one single cell existed in a well. The well with one single

DFSC was regarded as an effective well and marked as a clone using the labeling protocol: DFx, where

x=1, 2, 3, etc. The medium was altered every two days.

The amplified cells were digested and transferred to a 48-well plate when the cells reached ~66%

confluence in the 96-well plate. Once fully confluent, DFx were successively passaged into a 24-well,

12-well, or 6-well plate, a T-25 cell culture flask (Costar, MA, USA), and a T-75 cell culture flask. The

DFx clone populations were passaged and amplified until their expansion ceased, or beyond 30

passages for perpetually expanding lines (Fig. 1A).

Four sub-clones (DF2, DF8, DF12 and DF18) were isolated from heterogeneous DFSCs and

amplified successfully for more than five passages through culturing for 90-95 days (Figure 1a).

Because DF2 and DF12 were proved to be very similar by Cluster Analysis, Correlation Analysis and

heat map of Gene Expression Array (S1:DF2; S2:DF12; S3:DF8; S4:DF18; S5: DFSCs) (Fig. 1C, D

and-E), DF2 and DF12 were collectively referred to as DF2 for the following research.

RNA extraction and Gene Expression Array

Total RNA was extracted using RNAiso following the manufacturer’s instructions and checked for a

RIN number to inspect RNA integration by an Agilent Bioanalyzer 2100 (Agilent technologies, Santa

Clara, CA, US).Qualified total RNA was further purified by RNeasy mini kit (Cat#74106, QIAGEN,

GmBH, Germany) and Rnase-Free Dnase Set (Cat#79254, QIAGEN, GmBH, Germany). Total RNA

13
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was amplified and labeled by Low Input Quick Amp Labeling Kit, One-Color (Cat#5190-2305, Agilent
technologies, Santa Clara, CA, US), following the manufacturer’s instructions. Labeled cRNA were
purified by Rneasy mini kit (Cat#74106, QIAGEN, GmBH, Germany). Each Slide was hybridized with
1.65ug Cy3-labeled cRNA using Gene Expression Hybridization Kit (Cat#5188-5242, Agilent
technologies, Santa Clara, CA, US) in Hybridization Oven (Cat#G2545A, Agilent technologies, Santa
Clara, CA, US), according to the manufacturer’s instructions. After 17 hours hybridization; slides were
washed in staining dishes (Cat#121, Thermo Shandon, Waltham, MA, US) with-Gene Expression
Wash Buffer Kit (Cat#5188-5327, Agilent technologies, Santa Clara, CA, US), followed the
manufacturer’s instructions. Slides were scanned by Agilent Microarray Scanner (Cat#G2565CA,
Agilent technologies, Santa Clara, CA, US) with default settings, Dye channel: Green, Scan
resolution=5pum, PMT 100%, 10%, 16bit. Data were extracted with Feature Extraction software 10.7
(Agilent technologies, Santa Clara, CA, US). Raw data were normalized by Quantile algorithm, Gene
Spring Software 11.0 (Agilent technologies, Santa Clara, CA, US).

Cell Proliferation analysis

Cell Counting Kit-8 (CCK-8, Dojindo, Japan) was utilized to quantitatively evaluate the viability of the
three sub-clones:and DFSCs. 2x10° cells were cultivated on 96-well plates (Thermo, USA). The
original cultivation medium was replaced by 120ul a-MEM with 10% FBS containing 12pul CCK-8 for
each.well of 96-well plate at the same time of consecutive 7 days. After incubation at 37°C for 4 h,
100ul of the above solution was taken from each sample and added to one well of another new 96-well
plate. Three parallel replicates were prepared and the absorbance at 450nm was detected using a
spectrophotometer (Thermo, USA).

DNA contents and cell apoptosis analysis

14
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For the evaluation of DNA contents by Flow cytometry (FCM), when cells reached 70% confluence
they were digested, precipitates were washed twice with 0.01 M PBS, and were re-suspended in 1 ml of
physiological saline with repeated vibration to ensure a single-cell suspension. 2 ml of cold, dehydrated
alcohol was quickly mixed with the cell suspension to fix cells at 4°C for 24-48 hours. Finally, the cells
were washed twice with PBS, stained with 100 mg/ml PI (Cell Cycle and Apoptosis Analysis Kit,
Beyotime Institute of Biotechnology, China) at 4°C for 30 min and subjected to cell-cycle-analysis
using Elite ESP flow cytometry (Beckman Coulter, CA, USA.).

For the evaluation of cell apoptosis by FCM, when cells reached 70%.confluence they were
harvested using 0.25% trypsin and re-suspended in binding buffer. Cells were subsequently incubated
with Annexin-V—FITC and PI (Cell Cycle and Apoptosis Analysis Kit, Beyotime Institute of
Biotechnology, China) in the dark for 15 min. Apoptosis analysis was performed utilizing Elite ESP
flow cytometry (Beckman Coulter, CA, USA.).

Flow Cytometric (FCM) Analysis

Approximately 5x10° cells were incubated with anti-CD90 (ab225, Abcam, MA, USA; 1:100 for Flow
Cytometric); CD146 (FAB3250P, R&D system, MN, USA; 1:100 for Flow Cytometric);
SSEAI1(sc-21702, Santa Cruz, MA, USA; 1:200 for Flow Cytometric) and CD29(555005, BD
Bioseience, CA, USA; 1:100 for Flow Cytometric) according to the manufacturers’ protocols.
FITC-conjugated, isotype-matching immunoglobulins were used to determine non-specific staining.
The secondary reagents included goat anti-mouse and goat anti-rat IgG-FITC (Santa Cruz). Cells were
analyzed on a FACS Caliber (Becton-Dickinson, CA, USA), and data were analyzed using CXP
software.

Transmission Electron Microscopy (TEM)
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A total of 1x10° cells were harvested and centrifuged (3000g, 10min) to form pellets, then fixed in 2%
glutaraldehyde in 0.1M cacodylate buffer (PH 7.3) for 1h at room temperature and post-fixed in aqg.
2%(V/V) osmium tetroxide for a further 1h. The cells were then dehydrated in an ethanol series (50%,
70%, 95% and 100%) and embedded in Epon 812 resin. Ultrathin sections were manufactured and
stained with uranyl- acetate and lead citrate. The samples were viewed with a JEM 100 SX electron
microscope.

Karyotype Analysis

1/100 volume colcemid stock solution was added into the medium of dividing cells: After 2-3 hours of
procedure and culture in an incubator, the culture medium was aspirated and cells were washed three
times by PBS. Processed cells were digested by trypsin and transferred into a new centrifuge tube.
Cells were washed 3 times in PBS and treated with hypotonic solution (0.075M KCI) for 30min at
37°C, prefixed with some drops of ice-cold fixative (methanol:glacial acetic acid, 3:1,v/v) , fixed with
new cold fixative and then stored at -4 °C. About 3 drops of the cell suspension were dropped on cold,
dry slides. Slides were stored at room temperature in a dry place and then stained with Gimsa
(Sigma-Aldrich, USA) for karyotype analysis. The slides were observed and pictured on microscope
(Olympus, Japan).

Quantitative Real time-PCR

For gene-detection, total RNA was extracted from cells using RNAiso Plus (Takara, Japan), according
to the manufacturer’s instructions. The complementary DNA (cDNA) synthesis was performed using
Revert Aid First Stand cDNA Synthesis Kit (Thermo scientific, USA). For quantitative reverse
transcription polymerase chain reaction (QRT-PCR), 1ul of cDNA with the SYBR Premix Ex Taq II

(Perfect real time) (Takara, Japan) was performed with an Eco Real-Time PCR System (lllumina,
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USA). All of the operating procedures are according to the manufacturer's protocol. The primer pairs

for p53, puma, K-ras, Tert, p21 and E2F1 were shown below.

Gene  Forward primer(5*-3’) Reverse primer (5°-3)

P53 GGCTCCGACTATACCACTATCCACT GCACAAACACGAACCTCAAAGC
puma  TGATGGAGATACGGACTTGG CCTTTCCTGAGATGGTGGTG
K-ras ~ GGACTCTGAAGATGTGCCTATGG TCAACACCCTGTCTTGTCTTCG
Tert TTCTGTCACCTACAAGTGTCTCCTG GGTCTGAAAATCTGTGCTTAGGG
p21 TCAGTGGACCAGAAGGGAAC GGTCCCCATCCCAGATAAGT
E2F1  CACTAAATCTGACCACCAAACGC GGTGATGTCATAGATGCGTCGTT

GAPDH TGGAATCCTGTGGCATCCATGAAAC TAAAACGCAGCTCAGTAACAGTCCG

Western Blot

Proteins were prepared with Total Protein Extraction Kit (KeyGene, China). After standard SDS—

polyacrylamide gel electrophoresis.and Western blotting procedures, proteins were visualized using an

electrochemiluminescence system (GE, USA). Blotting band intensities were quantified

densitometrically using Quantity One software.

Antibodies

Anti=p53(ab26, Abcam); Anti-E2F1(#3742, Cell Signaling Technology); Anit-p21(ab18209, Abcam);

Anti-MAD1(#4682, Cell Signaling Technology); Anti-MAD2 (#4636, Cell Signaling Technology);

Anti-actin(ab3280, Abcam); Anti-GFP(AB105-01, TIANGEN); Anti-Sox2(ab97959, Abcam);

Anti-Nanog(sc-33760, santa cruz); Anti-OCT4(ab18976, Abcam); Anti- COL-1(ab90395, Abcam);

Anti-OPN(ab8448, Abcam); Anti-ALP(ab95462, Abcam); Anti-DMP1(sc-73633, santa cruz);

Anti-osterix(ab22552, Abcam); Anti-BSP(ab52128, Abcam); Anti-GAPDH(200306-7E4, Zen);
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Anti-LEF1(ab85052. Abcam), Anti-active-B-cantenin (#8814, Cell Signaling Technology);
Anti-B-cantenin (sc-59737, santa cruz); Anti-CEBPa (ab40761, Abcam); Anti-Smad4 (ab40759,
Abcam); Anti-phospho Smad2/3(ab63399, Abcam); Smad2/3(sc-8332, santa cruz); BMP2(sc-6895,
santa cruz).

Lentivirus Transfection Labeling Cells

A total of 5x10* cells were seeded into each well of a 6-well plate respectively. At 50% confluence, 1
ml a-MEM without FBS but containing 1.5 ul GFP or RFP labeled lentivirus (NeuronBiotech; China)
and 0.5 pl polybrene were added into each well. After cultured for 8 h, the supernatant and lentivirus
which didn’t infect the stem cells were replaced by 2 ml fresh a-MEM supplemented with 10% FBS.
After 3 days later, the infected cells were observed and photographed under a fluorescence microscope
(Leica Optical, Germany).

Screening Experiment

Green fluorescence protein with puromycin-resistant was transfected on two sub-clones mixed cells by
lentivirus and red fluorescence protein were transfected on three sub-clones by lentivirus. Single
sub-clones with RFP were added into two sub-clones mixed cells with GFP to constitute DF1. Mixed
DF1 was screened by puromycin after 7 days mixing culture. The puromycin-resistant cells (two
sub=clones mixed culturing cells) were isolated and enriched by applying puromycin in culture
medium. Proteins of pre-screening cells, three sub-clones mixed culturing cells and post-screening cells
were extracted respectively. No.1, 2 and 3 group stood for GFP-(DF2+DF8), GFP-(DF2+DF18) and
GFP-(DF8+DF18); No.4, 5 and 6 group stood for GFP-(DF2+DF8) +RFP-DF18,
GFP-(DF2+DF18)+RFP-DF8 and GFP-(DF8+DF18)+RFP-DF2; 7, 8 and 9 stood for post-screening

GFP-(DF2+DF8), GFP-(DF2+DF18) and GFP-(DF8+DF18).
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In vivo transplantation experiment

Adult NOD SCID mice were injected at the subcutaneous site with 1x10° cells combined with matrigel
(BD Biosciences, USA), while those injected with matrigel only were regarded as negative controls.
The SCC9 tumor cells were injected as a positive control. Animals were maintained in good conditions
with access ad libitum to food and fresh water, and were monitored for tumor formation. Mice were
sacrificed after 4 weeks culture and transplanted parts were obtained for further study.
Immunofluorescence (IF)

Transplanted parts were collected and fixed in paraformaldehyde for 12 hours, 4°C: The fixed tissues
were dehydrated in 20% and 30% sucrose solutions for two times respectively. After dehydration
finished, the samples were embedded and frozen sliced. Frozen slices were hydrated 5 min, 3 times
before staining. And then slices were incubated for overnightat 4°C by GFP antibodies and were then
incubated with Fluorescein (FITC)-conjugated Affinipure goat anti-mouse immunoglobulin G (Beijing
Zhongshan Biotech Co., Ltd.) for 2 h at.37 C. Finally, slices were incubated with DAPI for 3 minutes.
The samples were viewed under a confocal laser scanning microscopy (Olympus, Japan).

Osteogenic Differentiation

Cells were induced with osteogenic inducing medium containing 10% FBS, 10mM B-glycerophosphate
(Sigma), 100nM dexamethasone (Sigma), 50pg/ml ascorbic acid and 0.01uM 1,25-dihydroxy-vitamin
D3 (Sigma) for 14 days. Medium was changed every two days. After 14 days of culture, induced DFCs
were washed three times in PBS after being fixed in 4% paraformaldehyde for 10 minutes and then
incubated in 0.1% alizarin red solution (Sigma) in Tris-HCI (pH 8.3) at 37°C for 30 minutes. Cells
were washed and observed using a phase-contrast inverted microscope (Nikon, Japan).

Statistical analysis
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Quantitative data were presented as mean SEM. Statistical analysis was conducted using Graph-Pad

Prism software Version 5.0 (Graph-Pad software, Inc., La Jolla, CA, USA). A Student-Newman-Keuls

test was performed to determine the statistical significance between experimental groups. A value of p

< 0.05 was considered statistically significant.
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Figure 1. (A): Theiisolation procedure for single sub-clone. (B): Three sub-clones (DF2, DF8 and

DF18)/were isolated from heterogeneous DFSCs (Scale bar: 100um). (C-E): hclust, correlation and

heat map analysis of Gene Expression Array for sub-clones and DFSCs. (s1:DF2, s2:DF12, s3:DFS8,

54:DF18, s5: DFSCs)
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Figure 2. (A): Cell proliferation assay. CCK-8 assay were used to evaluate the proliferation capability

of three sub-clones and DFSCs. Error bar indicated S.E.M (n=3) (B): Cell apoptosis evaluation of three

sub-clones and DFSCs, using Annexin V-FITC Apoptosis Detection Kit. The apoptosis ratio of
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DFSCs, DF2, DF8 and DF18 were 2.9%, 0.6%, 4.2% and 4.8% respectively. (C): DNA contents

analysis and aneuploidy ratio of three sub-clones and DFSCs. Percentage of cells in the S+G2M phases

of DFSCs, DF2, DF8 and DF18 were 44.09%, 15.98%, 28.68% and 40.68% respectively. (D):

Chromosome number of three sub-clones and DFSCs were counted by Giemsa staining assay. (E):

Ultrastructures of three sub-clones and DFSCs were observed through transmission electron

microscope (TEM) (Red quadrangle presented the electronic dense granule). (F): p53 mRNA and

protein levels were measured by gRT-PCR and Western blot analysis in DFSCs.and sub-clones. (G):

MRNA levels of puma were measured by qRT-PCR. (h): Tumor related.gene: Tert and K-ras were

evaluated by qRT-PCR. Error bar indicated S.E.M (n=3). Statistical significance used in this

figure:*P<0.05, **P<0.01 and ***P<0.001; ns represented no statistically significant.
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Figure 3. (A): Green fluorescence protein was transfected in three sub-clones and tumor cells by

lentivirus transfection (Scale bar: 100um). (B): Macroscopic appearance of tumor growth 4 weeks after

injection of three sub-clones and tumor cells. (C) and (D): HE and Immunofluorescence stain for

injection tissues. ( White arrows showed the GFP-labeled cells )
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Figure 4. Three sub-clones were mixing cultured by every two sub-clones and DF1 was mixed

culturing with three sub-clones. (A): Protein levels of p21, E2F1, MAD1 and MAD2 were measured by

Western blot analysis in three sub-clones and DFSCs. (B): Aneuploidy ratio of sub-clones and mixed

culturing cells, counted by DNA content analysis. (C): Protein levels of p53 were measured by Western

blot analysis in mixed culturing cells. (D): Cell apoptosis evaluation of mixed cells, using Annexin

V-FITC Apoptosis Detection Kit. (E): DNA contents and chromosome number analysis for DF1. (F):
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p53, p21, E2F1 and Puma RNA levels of DF1 were measured by gRT-PCR at the day3,5 and 7 after

mixing. Statistical significance used in this figure: *P<0.05, **P<0.01 and ***P<0.001; ns represented

no statistically significant.
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Figure 5. (A): The illustration on the Screening flow. (B): Fluorescence labeling on mixed culturing

cells and three sub-clones. Green fluorescence protein and PuroR were transfected on two sub-clones

mixed culturing cells by lentivirus transfection, and red fluorescence protein were transfected on three

sub-clones by lentivirus transfection. Post-mixed (Po-mix) cells were two-clone-mixed culturing cells

experienced screening. (Scale bar: 100um) (C): Protein levels of E2F1, GFP, p21, p53, MAD1 and

MAD2 were measured by Western blot analysis. No.1, 2 and 3 cells were DF2 +DF8, DF2+DF18,

DF8+DF18 which were transfected with GFP separately; No.4, 5 and 6 cells were Mix2, Mix2 and

Mix3 in panel B; No.7, 8 and 9 cells were No.4, 5 and 6 cells screened by PuroR. (D): The pie chart

showed the ratio of three sub-clones in mixing cells according to.the intensity of GFP in No. 4, 5 and 6

cells (red frame in panel C).
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Figure 6. (A) and (B): Embryonic properties of three sub-clones were evaluated by FCM and western

blot. (C) Calcium nodules were visualized using alizarin red after osteogenesis induction of DFSCs,

three sub-clones and OB. (Scale bar: 100um) (D) Osteogenesis related protein levels were measured by

Western blot analysis in DFSCs, three sub-clones and OB.
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